The oxidation of methane with sulfate is an important microbial metabolism in the global carbon cycle. In marine methane seeps, this process is mediated by consortia of anaerobic methanotrophic archaea (ANME) that live in syntrophy with sulfate-reducing bacteria (SRB). The underlying interdependencies within this uncultured symbiotic partnership are poorly understood. We used a combination of rate measurements and single-cell stable isotope probing to demonstrate that ANME in deep-sea sediments can be catabolically and anabolically decoupled from their syntrophic SRB partners using soluble artificial oxidants. The ANME still sustain high rates of methane oxidation in the absence of sulfate as the terminal oxidant, lending support to the hypothesis that interspecies extracellular electron transfer is the syntrophic mechanism for the anaerobic oxidation of methane.
B
iological methane oxidation in the absence of oxygen is restricted to anaerobic methanotrophic archaea (ANME) that are phylogenetically related to methanogens (1, 2) . These organisms evolved to metabolize methane to CO 2 near thermodynamic equilibrium (E°′ = -245 mV for CH 4 /CO 2 ) via the pathway of reverse methanogenesis (3) , which includes the chemically challenging step of methane activation without oxygen-derived radicals (4) . Reported terminal electron acceptors for anaerobic oxidation of methane (AOM) include sulfate (1, 2), nitrate (5) , and metal oxides (6) . Nitrate reduction coupled to methane oxidation is directly mediated by a freshwater archaeal methanotroph "Ca. Methanoperedens nitroreducens" ANME-2d (5); however, the electron transport mechanism coupling methane oxidation with other terminal electron acceptors (such as sulfate and metal oxides) is still debated (7) (8) (9) .
Sulfate-coupled methane oxidation (Eq. 1) is the dominant mechanism for methane removal within marine sediments, preventing the release of teragrams per year of this greenhouse gas from the oceans (10) .
Multiple methanotrophic archaeal lineages (ANME-1; ANME-2a,b,c; and ANME-3) form syntrophic consortia with sulfate-reducing deltaproteobacteria (SRB) that drive AOM in areas of methane release at the seabed (11) . The metabolism of AOM with sulfate appears to be partitioned between the two partners, requiring the exchange of electrons or intermediates. The mechanism underlying this syntrophic association has been studied using microcosm experiments [with AOM microorganisms exhibiting doubling times of 2 to 7 months (12-17)], as well as through the application of stable isotope analyses (2), radiotracer rate measurements (18) , metagenomics (3, 5, 19, 20) , and theoretical modeling (21, 22) .
Attempts to metabolically decouple the syntrophic association and identify the intermediate compound passaged between ANME archaea and their SRB partners have been unsuccessful when diffusive intermediates such as hydrogen, acetate, formate, and some redox active organic electron shuttles were used (16, 23) . Culture-independent evidence for direct interspecies electron transfer in sulfate-coupled AOM by members of the ANME and their SRB partners (8, 9) supports earlier genomic predictions of this process occurring in the methanotrophic ANME-1 (19) .
Guided by the recent evidence of direct interspecies electron transfer from ANME-2 to SRB (8), we probed whether artificial electron acceptors can substitute for the role of the SRB partner as a terminal oxidant for AOM. Respiration of the artificial electron acceptor 9,10-anthraquinone-2,6-disulfonate (AQDS, E°′ = -186 mV) has been previously reported in methanogens (24) . We tested AQDS as a sink for methane-derived electrons generated by the ANME archaea in incubations with deep-sea methane seep sediment. The stoichiometry of methane oxidation coupled to AQDS predicts the reduction of four equivalents of AQDS per methane (Eq. 2).
To quantify AOM with AQDS, we performed anaerobic microcosm experiments using methane seep sediment from the Santa Monica basin fig. S1 ; raw data are provided in fig. S2 . that had been rendered sulfate-and sulfide-free (25) and amended with 50 mmol AQDS and (table S1 ). The initial rates of AOM with AQDS were equivalent to the rates measured with sulfate over the first 6 days (Fig. 1B) and later diverged as the AQDS was depleted from solution. At 22.5°C, where AQDS has higher solubility (table S2), the AOM rates with AQDS exceeded those with sulfate ( fig. S3 ).
To confirm that the observed methane oxidation with AQDS was not coupled to traces of sulfate, we tracked AOM in the presence of sodium molybdate, a competitive inhibitor for sulfate reduction (26) . With the addition of 25 mM molybdate, rates of sulfate-coupled AOM decreased by approximately fivefold relative to controls, which is consistent with previous reports (16) . The high rates of methane oxidation in our sulfatefree incubations containing AQDS showed no inhibitory response if molybdate was included, indicating a decoupling of AOM from sulfatereduction ( Fig. 1, A 
and B).
Stimulation of AOM without sulfate is not restricted to AQDS. Regioisomers of AQDS (1,5-AQDS and 2,7-AQDS), humic acids, and soluble iron(III) complexes (ferric citrate and ferric-EDTA) also stimulated anaerobic oxidation of methane at rates that were at least 0.1 mmol cm
a list of all oxidants tested is provided in table S3). In control incubations without an added electron acceptor, we measured a small apparent methane oxidation activity (1.5% relative to sulfate-coupled AOM, Fig. 1B ) that is probably attributed to enzymecatalyzed isotope exchange between methane and DIC without net methane oxidation (27, 28) . In killed control experiments (formaldehyde addition), we did not detect any conversion of 13 Cmethane to DIC (Fig. 1B) .
The archaeal 16S ribosomal RNA (rRNA) gene diversity of the seep sediment used in our AOM microcosm experiments was dominated by ANME-2 of the subgroups ANME-2a and ANME-2c, with a low relative abundance of ANME-1 phylotypes ( fig.  S4 ). To identify the active archaea potentially involved in methane oxidation in our experiments, after 4 weeks, we sequenced expressed archaeal 16S rRNA and the alpha subunit of the methyl coenzyme M reductase (mcrA) from microcosm treatments containing either sulfate, AQDS, or no added electron acceptor. The archaeal sequences recovered from the 16S rRNA and mcrA cDNA clone libraries were similar in the three treatments, with each containing only representatives of ANME-2a and -2c (Fig. 2) . The detection of transcripts from multiple subgroups of ANME-2 in each treatment suggests that the same ANME lineages are active in AOM, independent of whether sulfate or AQDS is supplied as the oxidant. In contrast to the similar ANME composition, the relative abundance of recovered bacterial SRB clones (e.g. Desulfobacteraceae SEEP-SRB1) in the cDNA libraries decreased in treatments lacking sulfate as compared to microcosms supporting active sulfate-coupled AOM (table S4) , and suggests that ANME may be capable of using AQDS directly without syntrophic interaction.
To directly test this hypothesis, we used cellspecific stable isotope analysis to quantify the anabolic activity of ANME-2 (including ANME2c) and their co-associated syntrophic partners in consortia recovered from incubations supplied with different oxidants (including sulfate, AQDS, humic acids, and ferric iron). Using 15 NH 4 + stable isotope probing combined with fluorescence in situ hybridization and nanoscale secondary ion mass spectrometry [FISH-SIMS (2)], we measured the cell-specific anabolic activity ( 15 N cellular enrichment) in paired ANME and SRB populations in consortia (8) . After 18 days of incubation with 15 NH 4 + , consortia were phylogenetically identified by FISH using ANME-2c and Desulfobacteraceae-targeted oligonucleotide probes and were analyzed by nanoSIMS to quantify the assimilation of 15 
NH 4
+ for each paired population of ANME-2 and SRB (25) .
In AOM microcosms containing sulfate, the 15 NH 4 + assimilation by co-associated bacteria and archaea in consortia from two sets of experiments (n = 20 and n = 19 consortia) was positively correlated at a ratio of approximately 1:1, indicating balanced syntrophic growth during AOM similar to (8) (Fig. 3C and Fig. 4, A and B) . ANME-SRB consortia recovered from sulfate-free incubations amended with AQDS also showed high levels of 15 
+ assimilation; however, in this case, anabolic activity within each of these consortia occurred only in the ANME archaea and not in their co-associated bacterial partners (Figs. 3F and 4A ). This is consistent with the weak FISH signal observed for the Desulfobacteraceae. These data offer direct validation of results based on RNA analysis, demonstrating that when AQDS was supplied as the terminal electron acceptor for AOM, the ANME-2 archaea sustained active biosynthesis that was decoupled from the activity of the SRB partner. This was directly shown for ANME2c (n = 11 consortia) and inferred for ANME-2a on the basis of nanoSIMS results from the eight non-ANME-2c aggregates that were all anabolically active. Consortia from incubations with methane and 15 NH 4 + , but lacking an electron acceptor, showed no measurable anabolic activity in either partner (n = 9 ANME-SRB consortia; Fig. 4A,  inset, and fig. S5 ).
The ANME cells paired with SRB in consortia from AQDS incubations showed similar levels of anabolic activity [3.3 months doubling time based on average 15 N incorporation (25) ] as those of ANME archaea conserving energy through conventional sulfate-coupled AOM [2.9 months doubling time (25) ] in parallel incubations, suggesting equivalent potential for growth (Fig. 4A) . Apparently, ANME-2 archaea are capable of conserving energy for biosynthesis independent of sulfate availability and separated from the activity of their syntrophic bacterial partners. AOM incubations with iron(III)-citrate and humic acids as the alternative electron acceptors also demonstrated exclusive biosynthetic activity of ANME-2c and other ANME-2 cells (Fig. 4B  and fig. S6 ). In contrast to incubations with sulfate or AQDS, only a few and mostly small AOM consortia [14 out of 31 for iron(III)-citrate and 4 out of 46 for humic acids] were anabolically active (>10% archaeal activity relative to cells in the sulfate treatments, or >0.8 atomic % (at %) of 15 N), despite the high rates of AOM measured with those compounds (Fig. 1B) .
All compounds that were able to replace the role of the SRB partners during AOM, including AQDS isomers, humic acids, and iron(III) complexes, have the ability to accept single electrons. Mechanistically, extracellular electron transfer (8, 9) from ANME-2 to single electron acceptors can account for all our findings. Large, S-layerassociated multi-heme c-type cytochromes in members of the ANME-2 archaea (8) could putatively conduct electrons [discussed in (29) ] derived from reverse methanogenesis from the archaeal membrane to the outside of the cell, where they can be taken up by a suitable electron acceptor. A congruent path of extracellular electron transfer has been proposed for the bacterium Geobacter sulfurreducens when oxidizing acetate coupled to the reduction of AQDS or humic acids (30) . The similar catabolic and anabolic activities observed within ANME-2 archaea, independent of whether the terminal electron acceptor is AQDS or sulfate, suggest that the biochemistry within these organisms may follow the same pathway under AQDS conditions as when syntrophically coupled to SRB. Our data therefore also lend experimental evidence in support of the hypothesis of direct interspecies electron transfer as the syntrophic coupling mechanism between methane-oxidizing ANME-2 and SRB in the environment (8) .
The apparent ability of ANME-2 to oxidize methane via the release of single electrons constitutes a versatile half-metabolism. This physiology suggests that methanotrophic ANME-2 archaea should also be able to respire solid electron acceptors directly via extracellular metal reduction, which would explain methane oxidation coupled to insoluble iron(III) and manganese(IV) reduction reported previously (6) . Evolutionarily, methane oxidation with metal oxides could have served as a transient life style for ANME before the establishment of a syntrophic association with SRB. According to this hypothesis, methanogenic archaea first evolved the capability to conserve energy as a methanotroph coupled with the respiration of solid metal oxides as electron acceptors. In a subsequent evolutionary step, SRB developed a symbiosis with ANME archaea, gaining a direct source of electrons for sulfate reduction and leading to the highly structured syntrophic consortia common today in seep environments.
This physiology of using extracellular electron transfer to enable syntrophic interaction (8, 9) has the advantage that intermediates cannot be lost via diffusion and that electrical conductance is much faster than diffusive transfer of reducing equivalents (8) . Further, this described metabolism may have industrial utility, providing a mechanism for the conversion of methane to CO 2 plus single electrons that can be catalyzed reversibly at low temperatures, with the potential to convert methane to electricity at high overall efficiencies. Finally, these findings offer a promising path forward for isolating members of the ANME-2 in pure culture, enabling detailed characterization of the ecophysiology of these key players in the global methane cycle.
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The lung is constantly exposed to environmental atmospheric cues. How it senses and responds to these cues is poorly defined. Here, we show that Roundabout receptor (Robo) genes are expressed in pulmonary neuroendocrine cells (PNECs), a rare, innervated epithelial population. Robo inactivation in mouse lung results in an inability of PNECs to cluster into sensory organoids and triggers increased neuropeptide production upon exposure to air. Excess neuropeptides lead to an increase in immune infiltrates, which in turn remodel the matrix and irreversibly simplify the alveoli. We demonstrate in vivo that PNECs act as precise airway sensors that elicit immune responses via neuropeptides. These findings suggest that the PNEC and neuropeptide abnormalities documented in a wide array of pulmonary diseases may profoundly affect symptoms and progression.
I n humans, approximately 5 to 8 liters of air passes in and out of the lung per minute when resting. The air can vary in oxygen and CO 2 concentration, may carry allergens, and confers different extents of mechanical stretch of the airway and gas-exchange surfaces. These signals are sensed, relayed, and processed into physiological outputs such as the control of pulmonary blood pressure, immune responses, and breathing rhythm, but the mechanism is unclear. Pulmonary neuroendocrine cells (PNECs) are found in a wide array of organisms from fish to mammals (1) . In the mammalian lung, PNECs are the only innervated airway epithelial cells and represent less than 1% of the total lung epithelial cell population (2) . Although in vitro evidence has implicated PNECs in oxygen sensing, bronchial and vascular smooth muscle tonus, and immune responses (1, 3), these roles have not been demonstrated in vivo. A recent study showed that genetic ablation of PNECs in the adult did not compromise homeostasis or airway repair, leaving in question the in vivo importance of these cells (4) . PNEC pathologies, in particular an increase in PNEC number, have been documented in a large array of lung diseases, including asthma, bronchopulmonary dysplasia, cystic fibrosis, chronic obstructive pulmonary disease, congenital diaphragmatic hernia, neuroendocrine hyperplasia of infancy, sudden infant death syndrome, and pulmonary hypertension (5) (6) (7) (8) . In each case, it remains unclear whether the PNEC increase is a cause for or the consequence of symptoms.
In mouse lung, most PNECs reside in clusters of~3 to 20 cells called neuroepithelial bodies (NEBs) (3, 9) . Both solitary and clustered PNECs contain dense core vesicles, filled with bioactive neuropeptides such as calcitonin gene-related peptide (CGRP) or amines such as serotonin (1) . These are released in response to stimuli, such as changes in oxygen level. Neuropeptides and amines have been implicated in some of the same processes as PNECs (10) (11) (12) , raising the possibility that they may mediate PNEC function. However, a causal link has not been demonstrated in vivo.
We initiated the current study to uncover the mechanisms underlying congenital diaphragmatic hernia (CDH), a birth defect associated with considerable lung dysfunction, including heightened immune response and pulmonary hypertension (13) . In a genetic mouse model of CDH, we uncovered a defect of failed PNEC clustering. This is followed by a sequence of events: an increase in PNEC neuropeptides, an increase in immune infiltrates, and remodeling of lung structure. These findings offer an in vivo demonstration of PNEC function. Because changes in PNEC number and associated neuropeptides have been documented in many lung diseases, our results have wide implications beyond CDH.
In humans, mutations in roundabout receptor (ROBO) genes have been associated with CDH (13, 14) . To study the lung defects associated with CDH, we inactivated both Robo1 and Robo2 in endoderm-derived epithelium, including the lung, using Shh cre (hereafter Shhcre;Robo mutant) in mice (15, 16) . Although these mutants survive, they exhibit reduced gas-exchange surface area starting at postnatal day (P) 15 (Fig. 1, A and B,  and fig. S1 ). We performed microarray followed by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) at P7, before reduction of gas-exchange surface. Fifteen of the top 20 differentially expressed genes have been implicated in immune responses, and all are significantly increased, including Ccl3, Cxcl2, Tnfa, and Saa3 (Fig. 1C) . Consistent with this signature, we observed elevated numbers of immune cells, including neutrophils, eosinophils, macrophages, and T cells (Fig. 1, D and E, and fig. S2 ). Furthermore, there is an increase in the proportion of M2 and a decrease in the proportion of M1 macrophages ( fig. S3 ). These findings indicate that Shhcre;Robo mutants show heightened immune sensitivity, mimicking a common CDH comorbidity (13) .
Although Robo is expressed in the alveolar region of the lung mesenchyme ( fig. S4 ), its expression in the epithelium is restricted to rare cells along the airway (Fig. 1F) . Colabeling with CGRP antibody revealed that Robo-expressing epithelial cells are PNECs (Fig. 1G ). To confirm that Robo genes are required within PNECs for function, we inactivated Robo using Ascl1creERT2 (17), a knock-in cre driver that confers PNECspecific activity in the lung epithelium ( fig. S5 ). We found that Ascl1creERT2;Robo mutants exhibited both alveolar simplification and macrophage increase, recapitulating the Shhcre;Robo phenotypes ( fig. S6 ). These findings together demonstrate that Robo is required specifically in PNECs for restricting immune cell number and preventing alveolar simplification.
At embryonic day (E) 13.5, newly specified PNECs were solitary cells in both control and Shhcre;Robo mutant lungs (Fig. 2, A and B) . By E15.5, a majority of PNECs had aggregated into NEBs in the control. However, PNECs were not clustered in Shhcre;Robo mutants (Fig. 2, C and  D) . This highly penetrant phenotype persisted in postnatal lungs (Fig. 2, E and F, and fig. S7 ). Total PNEC cell number appears unaffected, as supported by normal expression of Ascl1 and other PNEC markers ( fig. S8 ). Unclustered cells
